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Available online 10 October 2013Changes to the microstructure of oxide dispersion strengthened (ODS) alloy ODM401 in response to high
temperature heat treatments have been observed. Extensive analysis of thin foil and extraction replica
specimens has been performed using transmission electron microscopy (TEM), convergent beam electron
diffraction (CBED) and energy dispersive X-ray spectroscopy (EDS). A distribution of 2 nm (mean diam-
eter) particles, with a number density of 2  1023 m3, was observed in the extruded material. Following
a heat treatment of 1 h at 1300 C the number density of the dispersoids was diminished and their mean
diameter increased to an average size of 5 nm.
High angle annular dark ﬁeld scanning transmission electron microscopy (HAADF-STEM) and chemi-
cally sensitive, high resolution, phase contrast, transmission electron microscopy has been used to pos-
itively identify nanometer scale pyrochlore oxides. Identiﬁcation and a complete characterisation of the
A2B2O7 structures, including the lattice positions of trivalent (A) and tetravalent (B) species is presented.
The composition of the oxide particles was shown to be complex and the role of cations other than
yttrium and titanium, in particular aluminium, must be considered in future analysis of the oxide phases
and their nucleation and growth behaviour.
The majority of the cube shaped oxide particles displayed one of two orientation relationships (OR)
with the ferritic matrix. Cube on cube and the Baker and Nutting, cube edge on cube, relationships were
identiﬁed.
 2014 The Authors. Published by Elsevier B.V. This is anopenaccess article under the CCBY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
ODM401 is a 14 wt% Cr ferritic ODS alloy made with additions
of Mo, Ti and yttria (Table 1) [1]. The material was produced by
Dour Metal s.r.o. and is similar to MA957 steel produced by the
INCO Company upon which many scientiﬁc papers have been
published.
Ferritic oxide dispersion strengthened alloys are candidate
structural materials for applications in future fusion and ﬁssion
nuclear reactors. As a group, these alloys show low susceptibility
to irradiation damage, excellent high temperature strength and
creep properties and good corrosion and oxidation resistance.
Key to the mechanical performance of ODS alloys is the dispersion
of ultra-ﬁne oxide particles which should be distributed homoge-
neously throughout the matrix. It is imperative that these oxide
particles, which also trap helium and serve as obstacles to disloca-
tion glide, are retained during thermal processing and in service.
These nano-features, show remarkable stability under simu-
lated irradiation tests [2,3], creep conditions [2] and acceleratedaging experiments [4–7]. Studies by Miao et al. [4], have shown
that the oxide particles remain stable at temperatures below
900 C with only modest changes observed after 3000 h at 950
and 1000 C. Alinger et al. [8], published similar ﬁndings and
revealed that a more signiﬁcant coarsening regime is observed at
temperatures of 1200 C and above. Whilst there are some slight
variations, most authors agree that below 1000 C the oxides are
resistant to coarsening but at higher temperatures they coarsen
more rapidly.
There is still some debate about the crystal structure and com-
position of the ﬁne oxides found in ODS steels and a number of dif-
ferent phases have been both proposed and identiﬁed. A complete
characterisation of the oxide particles, including crystal structure
and composition, is needed as different phases and chemical vari-
ants of a single structure have been shown to respond differently
to high temperatures and irradiation. Ribis and de Carlan [6] have
studied the coarsening characteristics of Y2O3 and Y2Ti2O7 oxides
at high temperatures. They show that the increase in particle size
is greater for the non-Ti containing phase. Similarly, Ratti et al.
[9], although they do not allude to speciﬁc oxide phases, have
shown that small Ti additions to an 18%Cr ODS alloy dramatically
Table 1
Compositions of ODM401 and MA957 (wt%).
Cr Ti Mo Y2O3 Fe Al C
Composition of ODM401[1] 13.6 0.85 0.29 0.25 Bal 0.06 0.007
MA957 – nominal composition 14 0.9 0.3 0.25 Bal – –
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equivalent alloy without titanium. For example, Ribis indicates
that coarsening rates may be controlled by interfacial energy
between the secondary phase particles and the matrix; he points
out that the resistance to coarsening observed in the Y, Ti, O system
is probably the result of a very low interface energy and this would
differ from one phase to another. Whittle et al. [10] have shown
that pyrochlore and structures closely related to the pyrochlore
structure respond in different ways to irradiation. They revealed
that oxide structure and variations in composition can affect their
ability to withstand and recover from irradiation induced damage.
With this knowledge and the ability to tailor the oxide phases
that form, i.e. their compositions and distribution, it may be possi-
ble to further develop this group of alloys for speciﬁc applications
and service environments. It is therefore of great importance that
nucleation and growth mechanisms of oxide phases that form in
ODS alloys are better understood. This requires an in depth study
of the oxides, the matrix and their interactions. However, due to
their diminutive size, characterisation of the crystallographic
structure of the oxides which are found in these ODS steels pre-
sents a signiﬁcant challenge.
Experimental techniques which include X-ray diffraction (XRD),
HRTEM including fast Fourier transform analysis and atom probe
tomography (APT) have been used widely to identify secondary
phases in ODS steels. Identiﬁcation by X-ray diffraction of matrix
oxide particles is extremely difﬁcult due to their very small volume
fraction. Kasada et al. [11] and Sakasegawa et al. [12], both present
the results of XRD analysis performed on residue extracted from
ODS alloys indicating the presence of a pyrochlore structure.
Analysis in the TEM enables the characterisation of single oxide
particles. Selected area electron diffraction from larger crystals can
be achieved but whether the structures are representative of the
ﬁner oxides is not known. A potential route to satisfactory electron
diffraction analysis may lie within generation of Debbye–Scherrer
ring patterns from extracted particles. As the oxides are often very
small it might also be assumed that diffraction occurs entirely
within the kinematic range; hence, the intensities within each dis-
crete diffraction ring could provide additional structural informa-
tion. Alternatively, convergent beam electron diffraction can be
used to analyse single crystals. Assuming again that kinematical
conditions prevail, the intensities of diffraction discs would hold
additional information regarding the atomic structure of the
nano-scale oxides. The use of extraction replica specimens allevi-
ates many of the issues associated with the ferritic matrix and
Wu et al. [13], have recently shown promising high angle annular
dark ﬁeld imaging results using this method; the process of produc-
ing extraction replicas from 14Cr ODS is detailed in the same paper.
Historically, concerns have been raised over the use of replication as
a means of providing true representations of particle distributions
in an alloy. To achieve quantitative results the technique must
not alter the precipitates in anyway, includingmorphological, crys-
tallographic or chemical changes, and must simply remove the
matrix leaving behind a representative distribution of secondary
phase particles which is picked up by the carbon ﬁlm.
It has been shown that the ﬁne dispersoids formed in yttrium
and titanium containing ferritic ODS alloys, which do not have
intentional additions of Al, are primarily composed of yttrium, tita-
nium and oxygen. The precise composition of these oxides remains
unclear. Wu et al. [13], list 6 known oxides of Y + Ti, although onlythree of these, Y2Ti2O7, Y2TiO5 and YTiO3 are widely reported, the
latter being less prevalent, in ferritic ODS steels. Within the same
work, the crystal structures of 5–6 nm diameter oxide dispersoids
were shown to be consistent with a pyrochlore structure. They also
reported larger oxide particles displaying the orthorhombic Y2TiO5
structure; however, it was stated that the FFTs were also consistent
with YTiO3, hence there remain some ambiguities.
The Y/Ti ratios of oxide clusters, in various ODS alloys, have
been reviewed by Sakasegawa et al. [12] where it was shown that
Y/Ti was often neither unity or 2; hence ﬁts neither Y2Ti2O7 or
Y2TiO5 compositions. Sakasegawa et al. [14], have themselves ana-
lysed particles extracted from MA957, Fast Fourier Transforms of
HRTEM images were used to identify crystal structures and compo-
sitional analysis was carried out by EDS. Although the crystal struc-
ture appears to be consistent with that of pyrochlore, it was
reported that the Y/Ti ratio was not unity; hence did not agree with
that expected for Y2Ti2O7. Interestingly, they mentioned that non-
negligible concentrations of Al were detected; however, it was not
made clear if the Al was dissolved in the pyrochlore crystals or its
presence was due to the coexistence of Y3Al5O12.
Millar et al. [15], analysed three ferritic ODS alloys of slightly
differing compositions within the range of 12–14%Cr. Ultra ﬁne
particles, rich in yttrium, titanium and oxygen were detected by
APT in 12YWT, 14YWT and MA957 alloys subsequent to extrusion.
These alloys were subjected to heat treatments at 1300 C and the
ﬁne dispersoids showed a high resistance to coarsening. The fer-
ritic grain structure displayed some evidence of recovery but did
not coarsen signiﬁcantly.
Millar and Hoelzer [2], investigated creep behaviour and the
effects of neutron irradiation on nanoclusters formed in MA957.
Their ﬁndings reveal the excellent stability of the oxide particles
under simulated service environments. Number densities of dis-
persoids in the 2 nm diameter size regime remained in the order
of 1 to 2  1024 m3 in as extruded, irradiated and crept specimens.
They report no signiﬁcant change in the compositions of the nano-
oxides but state that compositions were not consistent with TiO2,
Y2TiO5, YTiO3 or Y2Ti2O7. Millar and his co-workers [5] have also
reported on the stability of nano-oxides in MA957 at high temper-
atures. In that study it was shown that the Guinier radius of the
particles increased from 1.2 ± 0.4 nm in the as received (AR) mate-
rial to 1.7 ± 0.4 and 4.6 ± 1.1 nm during 1 and 24 h heat treatments
at 1300 C respectively. Number densities decreased from
2  1024 m3 in the AR alloy to 2  1023 m3 and 8  1022 m3 dur-
ing the 1 and 24 h treatments respectively.
This work gives an in depth overview of the microstructure of
ODM 401 and its high temperature stability. The ﬁndings also clar-
ify a number of issues surrounding the crystal structure, composi-
tion and morphological trends of oxide dispersoids in ferritic ODS
steels.
2. Experimental procedure
Scanning electron microscopy was performed in a JEOL 7001F
ﬁeld emission microscope. Specimens were prepared by standard
metallographic polishing techniques; the ﬁnal polish was carried
out using 0.25 lm diamond paste followed by colloidal silica. Sam-
ples were etched using Vilella’s reagent. Hardness measurements
were recorded using a Matsuzawa Seiki micro-hardness tester
model DMH-2 using a 1 kg load and a dwell time of 10 s.
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material which had been sectioned across the bar diameter, per-
pendicular to the extrusion direction. Each foil was mechanically
ground to a thickness of less than 50 lm; the ﬁnal polish being car-
ried out using a 1 lm diamond lapping ﬁlm. Electropolishing was
performed in a TENUPOL 3 twin jet polishing unit using an electro-
lytic solution of 5% perchloric acid in 95% methanol (%vol). A
potential of 10 volts was applied to the specimen at a temperature
of 42 C; the resultant current was measured at approximately
50 mA. Once specimen perforation was detected the thin foils were
rinsed, alternately, in cooled (<50 C) and room temperature
methanol; the cooled methanol rinse is reported to reduce contam-
ination levels on the specimen surface [16].
Extraction replicas were prepared by depositing a thin carbon
layer on polished and etched samples. The carbon replica ﬁlm
was then released by etching in Vilella’s reagent before being
rinsed in methanol. The ﬁlms were subsequently ﬂoated off in dis-
tilled water and captured on Cu support grids.
An aberration corrected JEOL 2100FCs transmission electron
microscope, operating at 200 kV, equipped with a 2048  2048
pixel CCD camera, was used to capture high resolution phase con-
trast TEM images over exposure times of 0.6 s. The same micro-
scope was used, in STEM mode, to record z-contrast images.
Scattered electrons were collected by a HAADF detector over a
semi-angle ranging from 75 to 150 mrad.
A 300 kV JEOL 3010 microscope, equipped with a LaB6 emitter,
was used to perform a combination of tasks including HRTEM
imaging, convergent beam electron diffraction and EDS analysis
using an Oxford Instruments detector (model: 6636); EDS data
was analysed using Link ISIS software.3. Results and discussion
3.1. Matrix microstructure
ODM401 ODS alloy was received in the form of a round bar
approximately 25 mm in diameter. Electron channeling contrast
images, recorded in the SEM, revealed a grain structure typical of
extruded bar. The average diameter of cross sectioned grains,
viewed along the extrusion axis was approximately 0.3 lm; the
maximum grain size observed in this orientation was 0.8 lm. Lon-
gitudinal sectioned specimens revealed evidence of grain elonga-
tion in the direction of extrusion. There was no evidence of
bimodal grain size distributions, as have been reported in similar
alloys [17,18], within the samples analysed here. A number of
coarse stringers were observed, most of which were oxides ofFig. 1. TEM thin foil images of (a), as received aeither silicon or aluminium. Etched specimens revealed a disper-
sion of titanium rich precipitates, probably carbides, within the
size range of 20–100 nm (diameter).
The grain size distribution subsequent to 1 h heat treatment at
1300 C showed little evidence of grain coarsening and a uniform
grain diameter of approximately 0.3 lm was observed (Fig. 1). A
number of coarse cube shaped Ti rich secondary phase particles
were apparent in the TEM thin foils; often as large as 0.3 lm. There
was evidence of recovery in the heat treated (HT) sample but a
large proportion of the grains retained high dislocation densities;
there was no evidence of recrystallisation. Microhardness tests
revealed a loss of hardness from 367HV in the AR material to
281HV after the heat treatment.
3.2. Oxide particle size distributions AR and post anneal
A dispersion of extremely ﬁne precipitates was observed in thin
foil specimens in the TEM. In addition to the very small facetted
particles, larger spherical particles, approximately 10 nm diameter,
were also present but less numerous (Fig. 2a). Good contrast
between the oxide particles and matrix was introduced to the
images by aligning the ferrite grains to a low index zone axis and
inserting a small objective aperture. At high magniﬁcations the
particles displayed a cubic or rectangular morphology and were
faceted parallel to 100 and 110 ferrite directions (Fig. 2b). Number
densities of the small particles were calculated from TEM images.
In AR material the average particle size was 2 nm (Fig. 3) and a
number density of 2  1023 m3 was measured. Subsequent to heat
treatment, the particles coarsened to an average size of 5.1 nm.
3.3. Oxide compositions
The chemical make-up of the nanofeatures observed in both AR
and HT material was determined by energy dispersive X-ray spec-
troscopy. All of the sub 10 nm diameter particles analysed con-
tained both yttrium and titanium. On average, the atomic ratio of
Y/Ti was approximately 1 but varied signiﬁcantly. In addition to
Ti and Y, aluminium was detected in the nanoparticles in both
AR and HT conditioned specimens. Extraction replicas, taken from
as received alloy, conﬁrmed that the aluminium was associated
with the particles, as opposed to the surrounding matrix. Atomic
ratios of Y:TI:Al are presented as a ternary plot in Fig. 4. The signif-
icant spread in data was due to the low signal to noise spectra cap-
tured from the nanosized particles but on average aluminium
contributed 20% of the combined Y + Ti + Al concentration. Silicon
and chromiumwere also detected in, or around, extracted particlesnd (b), 1300 C heat treated ODM401 alloy.
Fig. 2. (a), High number density of oxides in the ferrite matrix and (b), faceted particles aligned with 100 and 110 ferrite directions (AR).
Fig. 3. Particle size distributions in as received and heat treated ODM401.
Fig. 4. EDS analysis of sub 10 nm diameter particles in as received and heat treated
alloy (atomic ratios).
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that of Al.
According to Hadraba et al. [1], the presence of aluminium in
ODM401was probably the result of contamination picked up from
the ball mill which had previously been used in the production of
Al containing ODM751 ODS alloy. Sakasewaga et al. [14], report
non-negligible concentrations of aluminium detected in Y2Ti2O7
oxides and aluminium contamination in MA957 and 14Cr ODSalloys has been reported elsewhere [5,12,19–22]. EDS spectra pre-
sented in other publications [5,11,23] show evidence that alumin-
ium is present in the proximity of small oxides although it is not
always alluded to within the text.
Miller et al. [5], revealed the presence of large Al2O3 oxide par-
ticles subsequent to high temperature exposures of MA957. In the
same work, an EDS spectrum from small grain boundary features
enriched in titanium and yttrium was also presented. There was
clear evidence, from that spectrum, that aluminium was also pres-
ent in the sampled region, however, the atom probe maps pre-
sented did not include aluminium. In a more recent publication
[22], Miller acknowledges that aluminium was detected in some
of the coarser particles including ‘Y2Ti2O7’. Yamashita also detected
aluminium in EDX spectra recorded from nanoscale oxides. He
attributed the presence of Cu to the copper support grid. However,
his explanation of Al coming from a ‘‘surface oxide’’ requires clar-
iﬁcation as the specimen was an extraction replica and an XRD plot
revealed no evidence of alumina. The XRD plots show peaks consis-
tent with the ordered Y2Ti2O7 and Y2TiO5 structures but the mea-
sured Ti/Y ratio of 0.7 ﬁts with neither phase. However, if
aluminium were considered as a substitutional element for the tri-
valent yttrium species then the chemical formula might well have
approached (Y + Al)2TiO5 which would have been consistent with
the orthorhombic phase.
Ohtsuka et al. [24], carried out a study which investigated the
effects of minor additions of aluminium to a 9%Cr ODS steel. They
reported that aluminium replaced titanium in the oxides with lev-
els as high as 28 at% (of the cations) detected in particles in an alloy
containing only 0.085 wt% Al. There was a clear correlation
between Al level in the alloy and that in the oxide particles. Unfor-
tunately the crystal structure of the oxides, hence phase identiﬁca-
tion, was not determined in their work.
According to Cotton and Wilkinson [25], yttrium rarely adopts
anything other than a trivalent oxidation state. Titanium has a
tendency to form compounds in the 4+ oxidation state but 3+ com-
pounds are known. The most common oxidation state of alumin-
ium is 3+ hence both aluminium and yttrium commonly adopt
trivalent oxidation states and for titanium the tetravalent state.
Therefore it might be expected that in the situation where yttrium
is deﬁcient it would be substituted by aluminium. However, in the
present study the mean Y/Ti ratio of ﬁne oxides was approximately
1 (0.97). Assuming the 3+ cation sites were occupied by a mixture
of Al and Y then (Y + AL)/Ti > 1; hence, a tetravalent species must
substitute for Ti on 4+ cation sites to maintain charge neutrality.
Miller et al. [26], have shown that Fe and Cr are also associated
with Y–Ti–O nano-features, although Marquis [20] indicates the
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dissolved in ODS oxides as Matteucci et al. [27], indicate Cr has
only a very low solubility in Y2Ti2O7 but it would be reasonable
to expect this may vary depending on other elements present in
the phase. Marquis [20] also reports traces of Mn, Si, Al and C par-
titioned to small oxides in ODS MA957 and Eurofer alloy. In the
present study, silicon, which readily adopts the tetravalent state,
was detected by EDS in some of the yttrium–titanium oxides
extracted from AR ODM401. The implications of these ﬁndings
are that the pyrochlore structured oxide which forms in ODS alloys
has a complex chemical formula not just Y2Ti2O7 which probably
incorporates Al and possibly Si.
3.4. Chemically sensitive transmission electron imaging
Fig. 5a and b shows a high resolution TEM phase contrast image
of an oxide particle at the perforation edge of the thin foil sample.
The particle remains in intimate contact with the ferritic matrix
with which there is a cube on cube orientation relationship. The
ferrite grain and pyrochlore structured crystal are both oriented
with their 011 zone axes parallel to the electron beam.
The ferrite lattice was used as a means of internal calibration for
the measurement of oxide d-spacings in high resolution TEM
images. The value of aa = 2.865 Å, as presented by Pearson [28],
corresponds to a 14%Cr, Fe balance, binary alloy, measured at
20 C. The lattice parameter of the oxide was calculated by measur-
ing both the 222 and 004 planes, averaged over 16 and 25 planes
respectively, and was in good agreement with the value of
10.098 Å reported for Y2Ti2O7 in the literature [27].
Toward the centre of the oxide particle, where uniform thick-
ness was assumed, there were three distinct intensities associated
with the positions of atomic columns in the image. Fig. 5c and dFig. 5. (a), An oxide particle on the edge of a thin foil specimen, (b), the atomic planes
cation columns (plane a) and (d), intensities of mixed 3+/4+ cation containing columnsshows the integrated intensities of line proﬁles recorded directly
from the unmodiﬁed TEM image shown in Fig. 5b. Line intensity
proﬁles, calculated using Digital Micrograph software, were inte-
grated over widths of approximately 2 Å. The areas analysed repre-
sent the projected electrostatic potentials of atomic columns which
form two neighbouring 004 type planes. Plane a consisted of col-
umns which displayed alternating intensities, the minimum and
maximum peak intensities were approximately 3500 and 4500
counts. Plane b did not show the same periodic variation as plane
a but a constant intermediate intensity of approximately 4000 was
observed. Results were reproducible and similar intensity distribu-
tions were observed in images recorded of AR material and
extracted oxides on carbon support ﬁlms.
The difference in peak intensities correlate well with a pyroch-
lore structure viewed along the 011 axis which has columns of
cations composed of species A, B and A + B. The pyrochlore crystal
structure has the space group Fd-3 m z = 8 and adheres to the for-
mula A2B2O7 where A and B are trivalent and tetravalent atomic
species respectively. An equivalent phase can also form with A2+
and B5+ species so long as charge neutrality is retained. The super-
structure of pyrochlores can be considered as cubic cells comprised
of 8 sub-cells, each of which is formed by alternating A3+ and B4+
cations located at face diagonally opposed corners (Fig. 6a). Each
of the 8 sub-units contains 7 oxygen atoms hence can be consid-
ered as distorted oxygen deﬁcient ﬂuorite cells with ordered triva-
lent and tetravalent cations. The cation arrangement in the
superstructure leads to a doubling of the ﬂuorite unit cell
dimensions.
Fig. 6b shows a simulated unit cell of the Y2Ti2O7 structure. The
cell is aligned showing the 110 plane almost parallel to the plane of
the page and the oxygen atom positions are depicted by open
spheres with the cation positions ﬁlled. When viewed along afrom which intensity measurements were made, (c), image intensities of 3+ and 4+
(plane b).
Fig. 6. a, Schematic representation, generated using the CrystalMaker™ software package, of a 1/8th sub-cell in the Y2Ti2O7 superstructure and b, the periodic arrangements
of cation species in the 004 planes.
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of atomic columns which consist of either species A, B or an equi-
atomic mix of both species.
It is apparent that each alternate {004} plane is comprised of
either columns of mixed A and B species or of alternating single
species columns. For example (Fig. 6b), the plane designated ‘plane
1’ has alternating atomic columns which contain only a single spe-
cies, in this case either Ti or Y. The adjacent plane ‘plane 2’ contains
columns comprising a mixture of the trivalent and tetravalent spe-
cies in equal quantities (atomic).
It was assumed that the oxide particles observed in TEM mode
were behaving as weak phase objects; i.e. they were so thin that on
average only a single interaction occurred between the incident
electron and the specimen. The intensities of the projected poten-
tials in the image could then be directly related to the atomic col-
umns, and hence the average atomic number of the species in each
column [29,30]. Columns in the particles with high intensity would
then be yttrium rich and the least intense columns would be tita-
nium rich. The columns showing an intermediate intensity would
be composed of yttrium and titanium atoms. This assumption of
weak phase object behaviour appears plausible, since the positions
of the bright columns shown near the edges of the particles, where
the thickness would be much smaller, are in registry with those
near the centre of the particles, which is very unlikely if multiple
scattering is occurring. Also several different particles showed
the same intensity variations from column to column when viewed
along [011].
In order to conﬁrm the ﬁndings of the TEM studies, HAADF-
STEM experiments, in which images reveal z-contrast [31], were
performed on carbon extraction replica specimens. Oxide particles
viewed along [011] directions revealed similar intensity distribu-
tions to those observed in the TEM. Fig. 7a is a HAADF-STEM image
showing a 5 nm diameter oxide particle extracted from heat trea-
ted material. The corresponding bright ﬁeld (BF) STEM image
(Fig. 7b) shows atomic columns, which appear dark under BFconditions, at identical locations to those in the dark ﬁeld image.
In the HAADF image, which shows clear z-contrast, variations in
atomic column intensities were observed. Intensity proﬁles were
measured along adjacent {004} atomic planes which are consis-
tent with the cationic sublattice of the pyrochlore crystal structure
(Fig. 7c and d). An inverse FFT image, which has been mask ﬁltered
to remove noise, is presented in Fig. 6e with a model of the cation
column positions superimposed on the image. The arrows in the
image depict planes consisting of, plane a, alternating Y and Ti col-
umns and in plane b the columns are mixed Y + Ti.
The results of the STEM study are complementary to the TEM
results and conﬁrm the yttrium–titanium oxides posses the
ordered pyrochlore structure. Were the cation species distribution
disordered, on the lattice i.e. a ﬂuorite type structure, then inten-
sity variations in HAADF-STEM images would not be observed.
However, due to the rapid contamination rates, thickness varia-
tions towards the edges of the particles and the possible substitu-
tion of Al for Y on the lattice, quantitative HAADF analysis could
not be achieved.3.5. Convergent beam electron diffraction
The structural information gained from HAADF-STEM and TEM
images was further supported by electron diffraction studies. Con-
vergent beam electron diffraction patterns were generated from
sub-10 nm, Y-Ti rich particles, on extraction replica specimens.
Solutions to diffraction patterns were in good agreement with
the published crystal structure of Y2Ti2O7. Patterns recorded from
oxides oriented on [110] type zone axes displayed large variations
between the intensities in diffraction discs (Fig. 8b). The intensities
of the reﬂections were a good ﬁt with those of simulated patterns
which display disc diameters relative to the calculated intensities
for a given diffraction experiment (Fig. 8c). All of the reﬂections
in the experimental patterns were consistent with those in the pat-
terns which were simulated using SingleCrystal™ software. There
Fig. 7. (a), HAADF-STEM image showing a pyrochlore structured particle on a [011] zone axis, (b), corresponding bright ﬁeld image, (c), intensity proﬁles of atomic planes, in
(a), displaying periodic intensity variations associated with atomic columns containing Y, Ti and Y + Ti. Figure (e), a mask ﬁltered inverse FFT image showing a projection of
the cationic sublattice of pyrochlore (extraction replica).
Fig. 8. (a), Pyrochlore oxide; (b), convergent beam electron diffraction pattern generated from the particle in (a); and (c), a simulated weighted CBED pattern for a Y2Ti2O7
crystal.
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Fig. 9. Cube on cube OR between oxides and the ferritic matrix in (a), as received and (b), heat treated alloy.
Fig. 10. 100 oriented oxides in 110 oriented ferrite in (a), as received, (b), 1300 C alloy.
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forbidden reﬂection and was expected to be absent under kine-
matic conditions. During the analysis of the extraction replica
specimens, oxides in the sub-5 nm size regime were not observed
in great numbers. The high number density of the nano-features
observed in thin foils was not apparent in replica specimens. The
faceted cubic and rectangular particles, which dominated ﬁne pre-
cipitation in thin foil specimens, were largely absent from the
extractions; and spherical shaped oxides dominated within that
size range. It was concluded that the replication technique applied
in this study, although useful for phase identiﬁcation, did not give a
true representation of the oxide size distributions and precipitate
number densities found in ODM401 alloy.
3.6. Orientation relationships
Oxides with a pyrochlore crystal structure, which were rectan-
gular or lozenge/cofﬁn shaped when viewed in 011 oriented ferrite
grains, displayed a cube on cube orientation relationship with the
matrix (Fig. 9):
011½ a== 011½ A2B2O7
and
100ð Þa== 100ð ÞA2B2O7A second orientation relationship was also observed (Fig. 10);
this too was apparent in both AR and HT material. The structure
of the oxide was consistent with the pyrochlore structure but the
second orientation relationship, the Baker and Nutting OR, was
described by:
011½ a== 001½ A2B2O7
and
100ð Þa== 100ð ÞA2B2O7
The measured spacings of 2.51 and 1.79 Å (±1%) of the planes
separated by 45 is in good agreement with the calculated {004}
and {044} planes of the Y2Ti2O7 phase. Although no chemical anal-
ysis was made of particles which displayed this particular OR with
the matrix, it was assumed that they were of the Y2Ti2O7 type. No
oxides displaying the cube edge OR were observed in 100 oriented
ferrite; hence, 110 orientated particles were not observed and
detailed atomic column image intensity analysis could not be per-
formed. This orientation relationship was far less prevalent than
the cube on cube OR. Ribis and de-Carlan [6] reported the existence
of yttria particles which displayed both cube on cube and the Baker
and Nutting cube edge on cube orientation relationships with the
matrix. The lattice parameter for yttria is approximately 10.61 Å
(ICSD CC-153500), hence the measurements recorded in the pres-
260 K. Dawson, G.J. Tatlock / Journal of Nuclear Materials 444 (2014) 252–260ent work, which were internally calibrated using the ferritic
matrix, are in better agreement with the Y2Ti2O7 pyrochlore
structure.4. Conclusions
High number densities of nano-scale oxides were observed in as
received ODM401 alloy. The particles coarsened from 2 nm to 5 nm
during heat treatments of 1 h at 1300 C but no phase change or
detectable change in their chemistry was observed. The micro-
structure was relatively unchanged by the heat treatment and a
ﬁne ferritic grain structure, in the order of 0.3 lm diameter, was
retained. Only partial recovery was observed and no instances of
recrystallisation could be seen.
Nanoscale oxides in ODM401 ODS alloy have been shown to
display the pyrochlore crystal structure. Oxide particles, which
were sufﬁciently thin, behaved as weak phase objects in HRTEM
phase contrast images. Variations in the electrostatic potentials
of atomic columns, which can be directly associated with the
atomic species within each of the atomic columns, were observed.
A direct relationship between image intensities and the predicted
positions of atomic columns in pyrochlore structured oxides which
contain trivalent only, tetravalent and mixed trivalent/tetravalent
species has been established. Oxide crystals aligned with a h110i
direction parallel to the incident electron beam show intensities
directly related to the A3þ2 B
4þ
2 O
2
7 crystalline structure.
Chemical analysis shows that aluminium and possibly other
species including Si are associated with the oxide particles. Hence,
this work clearly demonstrates that aluminium must be consid-
ered in future models for the formation of oxides in ODS steels.Acknowledgements
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